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This is &n invited talk at the International Conference of Magnetism
summarizing recent uSR experiments aimed at characterizing the superconducting
properties of Heavy Fermion (HF) systems. Two key issues are addressed: 1)
what is the symmetry of the superconducting order parameter? and 2) what is the
mechanism by which electrons in HF systems pair to form the superconducting
state? Both of these questions are still open at this point in time.

In a type II superconductor magnetic fields penetrate in flux vortices and
the field falls off between the vortices with a characteristic length .
Transverse field uSR experiments can measurc the temperature dependence and
magnitude of A better and more easily than most other probes. UPty is a
hexagonal material and A has 2 eigenvalues corresponding to an applied field
perpendicular to the basal plane (Al) and parallel to the basal plane (A"). We
find that Al ie roughly linear and A" roughly quadratic in temperature below T..
This corresponds to a superconducting order parameter (energy gap) which has
nodes for momenta in the basal plane and along the hcxagonal symmetry axis.

This forms an cven-parity, d-wave state

When UBe;s is doped with thorium to form U;.xThgBe;s, an unusual phase
diagram in the space of temperature versus Th concentration is formed. The
results presented here map out this phase dlagram in detall. Most interestin:
is a lino of phase transitions which display an onset of magnetism together with
a change in the superconducting state. The magretism may be an
antiferromagnetic phase with an order parameter which couples to the
superconduct ing order parameter, or the magnetism may be Inherent to the
superconducting state itself. In the latter case, the superconducting order
parameter breanks time-roversal symmetry.

Finally we present the results of experiments which may have Identifled the
"smoking gun" for the mechanism behind the superconducting pafring Interactfon
in HF systems. When UBejy Is doped with boron to form U(Bey.xBy)i3, the

apecific heat Jump at the superconducting transition Is preatly enhanced for



certain B concentrations, :tignaling an increase of the palrir.g strength. We
discovered that this enhancement is accompanied by a change in the magnetic
coupling of the conduction electrons to the f-electrons (which pair to form the
superconducting state). This change in magnetic coupling is in the direction
one would expect if the pairing interaction were magnetic in origin. This type
of pairing mechanism had been inferred by others before, but no direct

experimental evidence has yet been confirmed.
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ABSTRACT

Recent muon spin relaxation (uSR) studies have been particularly effective
in revealing important properties of the unusual magnetism and superconductivity
found in heavy feimion (HF) systems. In this paper uSR experiments elucidating
the symmetry of superconducting order parameter in UPt; and UBe;3 doped with
thorium and reviewed. Also discussed is the correlation between the enhanced
superconducting specific heat jump and the reduced Kondo temperature in B-doped
UBej3, indicating possible direct experimental evidence for a magnetic pairiung
mechanism in HF superconductors.

Keywords: Heavy Fermions, Superconductivity, Muon Spin Rotation

INTRODUCTION

Several important issues regarding tho nature of the heavy fermion (HF)
atate remain after nearly a decade of study!. These Include the extenslon of
the isolated-impurity Kondo problem to the lattice of 4f or 5f clements (Ce,
U,...), the role of small momanta Iin the normal and superconducting properties,
and the nature of the palring interaction, including the symmetry of the
suparconducting order parameter. This paper will focus on the role which mion
spin rotation (uSR) exporiments have played In elucidating the symmetry of the

HF superconducting state and the nature of the paliring Interaction,



The superconducting order parameter A(k) is given? by equations (la) and
{1b) for an even or odd parity state, respectively:

ak) = (k) io¥ (s = 0) (1a)

AGK) = 1(d(K) - a)o. (s = 1) (20)
Here ¥ and ¢ are even scaler and odd vector functions of the momentum k, and ;
is the Pauli spin matrix. The symmetry operations of the Hamiltonlan involve
inversion symmetry, rotation symmetry, time-reversal invariance and gauge
symmetry. An unconventional superconducting order parameter? breaks one of
these symmetries by having, for example, odd parity, a lower rotational symmetry
than the lattice or exhibiting inherent spin or orbital magnetism, which breaks
time-reversal symmetry. The latter involves a A(k) with both real and imaginary
parts.

When A(E) vanishes on lines or points of the Ferml surface, one finds
power-law temperature dependences for measurements below T¢ which irvolve
thermal excitations of quasiparticles. Caution must be exercised when
interpreting this as unambiguous evidence for unconventional superconductivity,
however. For axample, impurity scattering can lead to power-law behavior, as in
nearly gapleass BCS superconductivity. More unambiguous signatures of
unconventional superconductivity include transitions from one superconducting
phase to another, observation of magnetism associated with the superconducting
state, and anisotropies in the temperature dependence of the penatration depth

or critical fields, for example. below we examine some of the evidence for

unconventional superconductivity in UPt3 and UBejs doped with Impuritics.

11. UPty
Recontly various studies, but principally ultrasound measurement s 4, have

demonatrated that UPty Ia a HF superconductor which posseuncs multiple



superconducting phases, corresponding to different representations of a
multicomponent superconducting order parameter. These different phases become
manifest when the degeneracy among the components of the order parameter is
broken by a symmetry-breaking field, in this case either a strain field or an
antiferromagnetic field® which breaks the hexagonal symmetry in the basal plane.
The unconventionality of the superconductivity in UPty has therefore been well
eatablished. The symmetry of the order parameter (parity, for example) is still
controversial, however.

Recently, Broholm gt.al measured® the temperature dependence of the
penetration depth A in UPty using uSR for low applied fields (=~ 180 Oe). 1In a
hexagonal material the penetration depth A has two eigenvalues corresponding to
supercurrents in the basal plane (xl) and along the ;-axis (A"). In general onec
has A"? = 4xe?(ng/m*c?), where ng is the superfluid density and m* the cffective
mass.” Using a standard model for ng(T), which assumes the clean-limit and weak
coupling, Broholm et.al find A ~ T%, where a = 1.3 % 0.1 for H || canda =241
0.2 for H || ; (H in the basal plane). The analysis yields ﬂl(O) - 6920 * 640 A
and Al (0) = 7200 + 100 A, corresponding to an effective mass which is roughly
isotropic and about 270 times the electron mass.

The roughly linear temperature dependence for H " ; is conslastent with a
line of nodes in the basal plane for A(k). For strong spin-orbit couplling, this
implies an even-parity state.? The combineu linear and quadratic temperature
dependence {s consistent with an order parameter glven by d(k) = kn(kx ¢ lky),
wvhich 18 even parity, time-reversal violating and possesses a line of nodes in
the basal plane (kx? + ky? = 0) and along the polar capa (ks? = 0).

An apparent contradiction with this plcture arlses whon one takes Into
account the analysis of the anlsotropy in the upper critlical fleld, however, At

low tomperatures Shivaram gt.gl found® that ligz 18 smaller for B || ¢ than for



H " ;. Choi and Sauls showed!® that for a p-wave (odd parity) superconductor
one has d - S = 0, so that arsuming d is aligned along the axis of symmetry, one
has pair breaking when H| a]| ;. leading to a reduced Hez for H || ¢ . For an
sven-parity state one has palrbreaking for all field directions. Choi and Sauls
thus conclude that UPts is an odd-parity superconductor. A contradiction with
the uSR data therefore occurs if the high-field (H¢?) and low-field (uSR)

measurements can be directly compared, which may not be the case.

IV  UBejy doped with Th

Substitutions of Th for U in U;xThyBe;s produce!! another phase transition
at Tca below the superconducting transition at T¢; for 0.019 < x s 0.043.
Recently, a more complete phase diagram!? for this system has been deduced (Fig.
1), wherein the transitions below T¢z are second-order (continuous order
parameter) and are accompanied by the onset of mean-field, small-moment (102 -
103 uB/U-aton) magnetic correlutions. The onset of this weak magnetism is
illustrated in Fig. 2, where the measured zero-field uSR linewidth OKT is
unchangced below Tey, but rises smoothly helow T¢2. The enhanced 1lnewldth
0g?(T) = aKT’(T) - aKT’(Tcz) below Te2 1s due to electrunic magnetism, which
increases in magnitude!? as the Th concentration is increased for x = 1.93, 2.45
and 3.55 percent. (See Table I). Combined uSR and specific heat!® measurements
shov that there are steep phase boundaries near x = 0.019 and x = 0.043,
separating magnetic from non-magnetic regions. The fact that within errors the
transitions at T¢2 bngin and terminate on the line of superconducting phase
transitions at T¢; means that the order parametars for the two phascs must be
strongly coupled,

The nature of the phase below T¢2 remains controversial., Early ultrasonlc

attenuation atudios!® are consistent with [tinerant antiferrromapnetism (AFM);

(]



theoretical studies have also suggested a spin-densitv-wave (SDW) state.l5
Small local moments!'!® agsociated with the Th sites or U sites have also been
proposed, as well a transition to a second superconducting phase possessing
orbital or spin magnetism.!?” If the transition at T¢3 were assoclated with
local "Kondo holes" on the Th sites, one would expect the dipolar linewidth
oe(0) to scale as the Th concentration x, which is not seen (see Table I).
Thus, this possibility can be excluded.

The observation of both electronic magnetism and a large specific heat jump
AC below T¢2 (comparable to that at T¢1) suggest only two plausible
possibilities for the second phase: either an AFM phase transition accompanied
by a change in the superconducting state, or a transition to a magnetic
(time-reversal-violating) superconducting phase. A third possibility, that
there is only an AFM transition and no change in the superconducting state,
seems to be precludad by the small associated moment and the large AC at Tg2.!'?

The possibility of a magnetic superconducting phase below T¢2 1s suggested
by the correlation between the uSR linewidths and the slopes of the lower
critical fleld He; below Tz (see discussion below). For x < 0.019 or x > 0.043
Hei(t) shows!? a single quadratic temperature dependence: H¢(t) a
ng/m* a (1-t?), where t m T/Tc. However, for 0.019 < x < 0.043, two regions of
quadratic temperature dependence are observed in Hg(t), one below and one above
1¢2. These data are presented in Table I, where HclL(O) and Hcln(O) are the
slopes of H¢j(t) below and above T¢2, respectively. Because the t? dependence
1s expected for a change in ny and i{s observed both above and below Tez, It
seems plausible that the change In mlope at T¢2 ls due to a change In ny and not
m*, If mt changed at Tz It would have to change abruptly and not evolve
significantly in temperature, which is not likely,

The fact 04(0) and the slope HC|L(0) both Increase with x (Table T) mipht



be explained by recent theoretical models!® which describe the production of
orbital currents whsn electrons scatter off non magnetic impurities, thereby
distorting the superconducting order parameter in a complex superconducting
phase. The induced currents are proportional to ns and produce dipolar fields
proportional to ge. A sublinear dependence of g on ng would be expected if the
field sensed by the muon, averaged over the sample volume, were nearly random in
direction and magnitude. This is indicated by the roughly square-root
correlation seen in Table I. It remains a mystery, however, why only Th
impurities induce the phase diagram and general behavior described above. Other

non-magnetic impurities just suppress T¢ monotonically.

IV  UBe;3 doped with B

When UBe;3 1is doped with B producing U(Be;xBx)i3 Tc¢ 1s changed only
slightly, but AC at Tc can be drastically enhanced,!® depending on the B
concentration. Fig. 3 shows a comparison?? of C/T for x = 0 and 0.0023., 1In
addition to the much larger AC, the linear coefficient of specific heat vy is
also larger for the x = 0.0023 sample. Beyermann g@t.al have shown?! that the
enhanced AC is largest for B concentrations around x = 0.0023. Also, the Kondo
temperature (as reflected in the shoulder in C/T below 6 K in UBej3) is reduced
in the B-doped materials. High temperature susceptilility measurements?! give
an increased effective moment in the doped meterial compared to UBej3, showing a
tendency toward localization of the f-moment. This is consistent with a reduced
value of TK.

One possible explanation for the enhanced AC in B-doped UBejy was thought
to be magnetic correlations, as in the case for Th-doping discussed abuve. This

possibility has been eliminated by recent uSR measurements,?? which show no

enhanced linewidth below T for B-doped UBe;3. This, plus the i1.arrowness of the



specific heat anomaly, indicates that only a single transition with an enhanced
AC and vy exists in the B-doped material.

The quantity AC is given by AC = 89T;, wlere f measures the strength of the
pairing interaction. The dramatically larger AC for B-doped UBe;y cannot be
explained solely by a larger density of states 7y, and so reflects an increase In
the coupling strength §.2° The intriguing possibility therefore exists that
B-doping reduces TK' leading to an increased pairing strength, thus providing
possaible direct experimental evidance for a magnetic pairing mechanism in UBe)s.
For moderately strong coupling 8 = 1.43 [1 + 53(Tc/wo)?1ln (wo/3Tc)]. where wg is
the characteristic boson frequency for the pairing interaction.?? An increased
value of § is consistent with a decrease in wg, which in turn correlates with a
reduced value of TK' Determining the relative change in AC between the pure and
B-doped UBej3 1is somewnat model dependent because the shape of the specific heat
curves changes as well. Preliminary estimates of f using a value of y which
conserves entropy2?? below Tc give § = 1.5 for UBe;s and # 2 2.5 for x = 0.0023,
showing a significant enhancement. These values correspond to wp = 2 - 4 meV
and < 0.7 meV, respectively. The data are therefore qualitatively consistent if
the superconducting pairing interaction is driven largely by spin fluctuations.

In this regard it has been shown?? in UBej; that pressure increases TK and

produces a reduced AC, yielding further evidence for this hypothesis.
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Figure Captions

Fig. 1 Phase diagram for U;xThyBe;s. Symbols, defined in Ref. 12, refer to
susceptibllity, specific heat and mcgnetization measurements.

Fig. 2 Temperature dependence of (a) zero-field uSR linewidth oy (b)
specific heat and (c¢) ac susceptibility in Up.gesTho.o3sbe 3

Fig. 3 Temperature dependence of specific heat per Kelvin in U(Be|-xBy) 3.
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